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SUMMARY

A study 1s made of the effect of aftercooling on
the brake  horsepower, the welight, and the welght-power:
ratio of a power plant consisting of a 2000-horsepower
alr-cooled engine, an intercooler, and two stages of
supercharging. The study 1s for full-throttle operation
at 30,000 feet. The dependence of brake horsepower on
supercharger performance 1ls stressed. Three cases are
considered: (1) inadequate supercharging, (2) super-
charging to constant manifold pressure, and (3) super-
charging to detonation-limited manifold pressure. :

With inadequate supercharging, little galn in brake
horsepower results from aftercooling. With proper super-
chargers, strengthened engine parts, and increased engine-
cooling-fin area, an increase of l;2 percent in brake
horsepower 1s shown for operatlion at conmstant manifold
pressure and aftercooling to a manifold temperature of [}0° P,
For operation at detonatlion-limlited manifold pressures,
the increase in brake horsepower shown here 1s lj2 percent
for aftercooling to a manifold temperature of 100° P, and
6; ggcent for aftercooling to a manifold temperature
o P, .

Aftercooling can produce some reduction in the welight-
power ratlo of the power plant. The maximum reduction
shown hereln is 10 percent, which 1s for operatlon at
detonation-limited manifold pressure and for aftercooling
to a manifold temperature of 80° P to 1009 F. The greatest
reduction shown for aftercooling to [J0° F 1s 6 percent.




Some of the difficulties conneoted wlth aftercooling
are mentioned.

INTRODUCTI0M

There 1s always conslderable interest in the per-
formance of aircraft power~plant induction systems.
Varlous components of inductlon systems have been con-
sidered in many reporta lssued by the industry and by
the National Advisory Committee for Aeronautics. Among
these reports are a fow in which aftercooling has been
considered. Reference 1 has a discussion ol the relative
merlts of aftercooling and Intercooling, with speclal
emphasis on dlfficulties of installation. Reference 2
presents a discussion of chargze-cooling methods, one of
which 1s aftercocling, and points out a fact that 1s
quantltatively treated in the present report; namely,
that "the supercharger characteristics must be cerefully
matched to the othsr comnhonents of the installation In
order to meet engine requirements."

Iittle quantitstlve treatment of aftercooling has
appeared in the literature. In the present reiort,
calculated results are presented to emphaslze
of superchergoer performance on the increase in brake
horsepower that can be obtalned by means of aftercooling,
and to show the effect of aftarcooling on the weight and
the welzht-power ratlio of the power plant. Althouzh the
results given here are quantitatively &pplicable to one
power plant operating under zZlven conditions, they are
qualltatively appliceble to other power plants.

frfect

A true svaluation of the merlts and the demerits of
afterccoling must take into accouwrnt a number of factors.
The treatment of supercharger performance and power=-plant
welght given here will facilltete a better understanding
and a better appralsal of aftercooling.



CONDITIONS USED IN CATCULATIONS

- FPor the present 8tudy dn aircécled englne that
develops 24115 indicated horsepower with wide-open throttle
and with s manifold temperature of 233° F and a manifold
pressure of 50 inches mercury was chosen as the reference
engine. The induction system of the englne conslata of
an exhaust-turbine-driven auxiliary supercharger, an
Intercooler that reduces the charge-alr temperature
to 100° F, a carburetor, and a gear-driven main-stege
supercharger. In the NACA standard atmogphere at .
30,000 feet altitude with 3 inches mercury ram (450 mph),
the charge in the intake manifold has ‘the temperature and
the ‘pressure mentioned above, snd the engine develops
24415 indicated horsepower and 2000 brake horsepower.

Aftercoolers of the air-to-air type that reduce the
manifold temperature of the charge are assumed to be
installed in the 1nductlion aystem following the main-
stage supercharger, When the charge is cooled by an
aftercooler, the density of the charge, the welght rate
of flow of charge, and the indicated engine power are
changed. In the following sectlions the effects of after-
cooling to various manifold temperatures on indicated
horsepower, brake horsepower, and power-plant weight are
determined under various conditions of supercharger per-
‘formance for flight at 30,000 feet. A more detalled list
of the condltlons used in the calculatlons 1s given in
the appendix. '

RESULTS AND DISCUSSION

Aftercoéling wilth Inadequatse Superchargers

In the present sectlon, in which aftercoollng wilth
inadequate superchargling ls8 conslidered, performance
charts for the auxiliary and the main-stage superchargers
are assumed., These charts'are shown in - -figure 1. For
the reference condition of no aftercooling, for which the
manifold temperature i1s 2337 F, the superchargers operate
near the peak of the constant-speed contour of 340 rps,
as ls shown. .As the manifold temperature 1s lowered, the
volume rate of flow Q through the superchargers lncreases,
and the adiabatle work per pound of fluld falls off along
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the 340 rps curve as shown. (It 1s assumed that the
superchargers wannaot be operated at greater speed than

O rpas.) The resulting decrease in the pressure ratios
across the superchargers 1s shown in figure 2, as 1s the
decrease ln manifold pressure, The Indicated horsepower
and the brake horsepower are also shown in figure 2. The
indicated horsepower is proportional to the welght rate
of flow of charge. The brake horsepower 1s computed as
indicated horsepower less frictlon horsepower less maln-
stage horsepower., The frlctlon horgepower 1s taken as
constant at 175. The maln-stage horsepower 1s shown in
flgure 3. The maximum galn in brake horsepower that 1s
obtained by aftercooling 1s about 200, Although the per-~
formence of the superchargers is quite good for the .
reference conditlon of no aftercooling, thelr performance
is 1nadequate for obtaining much increase in engine power
by means of aftercooling.

In figure 3 is plotted the aftercooler welght.
Throughout the present paper "aftercocler weight" includes
the welght of the alr-to-air heat exchgnger 1tself, the
welght of the assoclated supports and ducting, and the
welght of the cooling-air. scoop.

One .standard for measurlng the performance of an
alrcraft powor plant 1s the ratlo of power-plant weight
to brake horsepowsr. In the present case the power-plant
welght, shown ln figure 3, 1s the welght of the reference
power plant, 34,00 pounds, plus the aftercooler weight.
The weight—power ratio 1s also shown in figure 3, Without
aftercoollng, the ratio 1s 1.70 pounds per horsepower.
Aftercooling to 1500 F lowers the ratio slightly to a
minimum of 1.

Aftercooling with Constant Manifold Pressure

If the auxiliary and the maln-stage superchargers -
can be designed, for each degree of aftercooling, to
handle at constant pressure ratlo the increased rate of
flow that results from aftercoollng, the gain in brake
horsepower that results from aftercooling will be greater
than that shown in figure 2. Figures L to 7 show the
pertinent powers end welghts as functions:of manifold
temperature when the supercharger pressure ratlos and
efficiencles are held constant at the values they have
in the reference power plant, and the manifold pressure
consequently 1s constant at 50 inches mercury.
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In figure L 18 shown the indicated horsepower.. In
figure 5 1s shown the main-stage supercharger power and
the brake pawer. As before, the brake horsepower 1s the
indicated horsepower minus the friction horsepower (175)
minus the main-stage horsepower. The brake horsepower
" 1s increased, by aftercooling to 40O F at constant mani-~
fold pressure, from 2000 to 2860. :

The gain In brake horsepower shown 1ln figure 5 1s
made, however, at the expense of considerable increase
in the welght of the .power plant. In figure 6 are shown
the changes in the welghts of the various components of
the power plant. The weights of the auxillary super-
charger and the main-stage supercharger were increased
over the welghts oif the original, or reference, instal-
lation linearly with thie lncrease. in welght rate of '
charge flow, as manifold temperature was decreased, The
wolghts of the intercooler and the aftercooler were
determined on the bases of requlred rate of heet dissil-
pation, exlsting temperature difference, and reasonable
cooling-alr pressure drop and rate of fiow. In order
that a constant percentage of the indlcated power could
be dissipated to the cooling alr at constant cooling-air
pressure drop, the width and the welght of the englne-
cooling fins were Increased linearly with indicated power.
(The assumption 1s accordingly made that the fin effec-
tiveness .1s not a function of the fin width. The assump-
tion, although 1naccurate, is justified by the fact that
the total fin welght 1s a very small portion of the total
power-plant weight.)

The large increase in indicated horsepower that.
results from aftercooling - an increase from 2!,5 horse-
power for- the reference condition of 2320 P manifold
temperature to 3385 horsepower for a manifold tem—
perature - would lower the safety factor of the stressed
parts of the engine considerably, unless these parts were
strengthened, It 1s belleved that the weights of only .
the cylinder walls, the cylinder heads, and the ‘connecting
rods need be apprecilahly. increased. The caloulated:
increases in the requlred welghts of these parts are
glven in figure 6. The increases were calculated on the
basis of the maximum combustion pressures developed in
the cylindere., The maxlmum pressures were-obtalned by
means of a Molller chart. The use of such a chart to
obtaln meximum cylinder pressures does not give accurate
results, as 1s well known. It ls gssumed here, however,
that for the present purpose the accuracy ls sufflclent.




The values obtalned for the maximum pressures were used
in the conventlional text-book design formulas to obtaln
the necessary cylinder-wall and ¢ylinder-head thickness
and connecting=-rod cross section for constant factors of
gafety. Although text-book deslgn equations have limited
value for designing an engine from acratch, they give
sufficlently accurate results when used for computing
small differences in weight.

Figure 7 gives the total welght of the power plant
as a function of manifold temperature, The power~plant
welght-power ratlo 1s also shown ln flgure 7. The welght-
power ratio 1s shown here 1ln order to obtaln some insight
into the question of which 1s fundamentally the better
method of increasing brake horsepower, by aftercooling
or by increasing the number of engine cylinders. - As a
criterlon, the weight~power ratio is not perfect, as in
itself 1t glves no indication of the relative difficulties
involved in installing an additlonal heat exchanger in an
alrplane and in increasing the number of oylinders. The
welght-power ratlo. shown in figure 7 1s seen to be reduced
from a value of 1,70.for no aftercooling to a minimnum
of 1,59 for a manifold temperature of 90° F.

Aftercooling wlth Detonatlion-Limited Manifold Pressure

The effects of charge cooling, shown above, on brake
horsepower and power-plant welght, wlth manifold pressure
both decreasing and constant as manifold temperaturs is .
lowered, lead naturally to the question of the effect
when the manifold pressure 1s ralsed as the manifold tem-
perature 1s lowered. If the reference manifold pressure
of 50 inches mercury is talken a3 the detonation-limlted
pressure for a manifold temperature of 233° F, then, as
the manifold temperature 1s lowered by aftercoolinz, the
manifold pressure can be raised for the same detonation.

The questlion of the most advlsable relation between
detonation~limited manlfold pressure and manifold tem-
perature for use in the present study 1s one that 1is
difficult to decide. Some fifteen reports on the subject
have been read by the authors. In terms of the required
temperature drop per inch of mercury increase in pressure,
the reported results range from more than 4O° F per inch
mercury to 5° F per inch mercury. Furthermore, it has been
shown that curves of allowable pressure plotted agalnst



temperature go through mazima at various temperatures.

It 18 clear that, with the wide varlation among published .
resulta, the relatlon between allowable pressure and

- temperature ls: a-function of several.factors that have
not.yet been evaluated. The present authors have decided
to assume that each 20° drop in temperature permits a
l-inch increase 1in pressure, The use of this relatlon
can be defended on the grounds that 1t represents a kind
of rough average of the published results, and that it

1s probably not unconservative, This relatlion permlts

an Increase ln manifold pressure from the reference .
pressure of 50 inches mércury at a temperature of 233° F
to 59.7 inches mercury at a temperature of hoo r. .

. The indlcated horsepower for flxed detonation 1s
plotted in figure 8, (The ordinate scale used in figure 8
is different from that used in all the other plots of
power in this report.) The power required for the opera-
tlon of the geared maln-stage supercharger and the pres-
sure ratios of ths tw¢ superchargers are also shown in
figure 8. The efficlency of the superchargers is held
constant at 65 percent., The brake horsepower delivered
by the engine is gliven in flgure 9, Here again the fric=
tion horsepower 1ls taken as constant, lnasmuch as an
acceptavle relation between indicated horsepower and
frictlon horsepower =2t constant engine speed could not

be found. Quite a large increase in brake horsepover 1s
shown in figure 9 - from 2000 to 2850 horsepower, or

L2 percent, for aftercooling to 100° F, and from 2000

to E}go horsepower, or 67 percent, for aftercooling

to 40 .

In filgure 10 are shown the manifold pressure, the
calculated changes in the welghts of the c¢ylinders and
the connectlng rods, whilech changes are based on the maxi-
mum combustlion pressures develored in the cylinders, the’
welghts of the auxillary and the maln-stage superchargers,
the welghts of the intercooler and the aftercooler instal=-
lations, and the increase in the welght of the fins.

In figure 11 1s shown the total weight of the power
plant. The power-plant welght increases rapldly as the
manifold temperature approasches L0° F, principally on
account of the rapld increase 1In aftercooler weight. The
rapld Increase in aftercooler welzht is due to the fact
that, as manifold temperature approaches 40° F, the heat-
transfer demands made of the aftercooler bescome severe,
As the manifold temperature ls lowered, the outlet
temperature from the aftercooler approaches the inlet



temperature of the cooling alr. PFurthermore, the rate
of heat transfer required of the aftercooler Increases
for three reasons: -the temperature of the charge air at
the aftercooler outlet decreases, the rate of flow of
charge alr increases, and, on account of the rise 1in the
pressure ratio of the maln-stage supercharger, the tem-
perature of the charge alr at -the aftercooler 1nlet
Increases.

The weight-brake-horsepower ratio of the power plant
is also shown 1n figure 1l. The .welght-power ratio is
more favoreble than for the two cases previously considered
in this paper. In this case 1t decresses from 1.70, for
no aftercooling, to a minimum of 1.53%, for a manifold
temperature of 800 F to 100° F, The wminimum represents
a dec¢rease of 10 percent in the value of the ratlio. The
ratlo has & value of 1.6 (a 6-percent decrease) for the
lowest manifold temperature shown (L0° F), at which tem-
perature the galn in brake horsepower is greatost.

Summarized Results

The results of the present report are summarized 1n
flgures 12 and 13. PFigure 12 shows the varlatlion of brake
horsepower with manifold temperature for the three cases
of aftercooling considered asbove; namely, (1) with the
original superchargers, which are inadequate when after-
cooling 1s used, (2) with the capaclty of the superchargers
Increased to ive constant manifcld pressure, and (3) with
the capacity and the pressure ratlo of the superchargers
Increased to give detonatlon~-limlted englne operation.

The figure shows how. larzgely the power galn that 1ls pos-
sible with aftercooling 18- contingent upon proper super-
charging. .

Figure 13'ahows the verlation with manifold tempera-
ture of the weight-power ratlo of the power p]ant for the
three cases,

OTHER ASPECTS OF THE AFTERCOCLING PROBLIM

A number of other aspects of the problem of after-
cooling must be mentloned. It should be noted that the
results of the present report, which are for wide-open-
throttle operatlon, are appllcable to fighter-type
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alrplanes, for which maximm brakse horsepower is important,
but are not pertinent for cargo-type airplanes, almost the
entire opergtion_q; which 1s at part throttle,

The "aftercooler weight' used in this report is for
air-to-air heat exchangers. In radial engines of current
design, the main-stage supercharger ls Iintegral- with the
engine, and nine charge-inlet plipes are used between the
main-stage supercharger and the cylinders. The instal-
latlion of alr-to-ailr heat exchangers - one on each of the
nine pipes - is practically an impossibllity, on aeccount
of space limitations and ducting problems. The use of
liquid-to~alr-to-1liquid aftercoolers would to some extent
alleviate the installation problem,.but would result in
somewhat higher aftercooler welghts than thése shown here.
The results given here, therefore, are pertinent as par-
tial answer to the question of whether or not the benefits
to be derived from aftercooling are great enough for it
to be logical for the engine designer to try to redesign
the Induction aystem of radlal englnes in such a way that
aelr-to~air aftercoolers could be installed.

One- quantlity that 1s not shown by the figures of the
present report is the drag power of the cooling air that
1s used in the aftercoolers. This drag power,. which might
logically be subtracted from the brake horsepower shown in
the figures, has been calculated for all cases. It 1s not
shown, however, as for most of the aftercooler outlet tem-
peratures 1t 1s quite small, and would make no significant
dlfference in the results. Its largest value is for the
case of aftercooling to LO° F manifold temperature with
detonation-limited manifold pressure; that is, at the
left~-hand side of figure 9. Even for that condition,
however, and when increased by taking into account an
80-percent duct effilciency and also an 80-percent pro-
peller efficlency, 1ts value does not exceed 50 horsepower.

: The maxitmm value of the drag power of the Ilnter-
cooler coollng alr 1s llkewise less than 50 horsepower.

In order to simplify.the calculation of the englne-
fin welght, the assumptions were made that the engine .
cooling-alr pressure drop was held .constant, and that the
additional required. fin surface area was obtalned by .
1ncreasing the width of the fins. TUnder these assumptlons,
the engine cooling-air dreg power is proportional to the
indicated engine power. As was shown in reference 7, the
cooling-air drag power for an engine with well-designed
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fins 1s of the order of l percent of the engine indicated
power, or about 100 horsepower for a 2000-brake-horsepower
engine. The. maxlimum change 1n indicated power shown in
the present paper is an increase from 24/j5 horsepower to

0 horsepower.  The meximum lncrease ln engine coollng-
air drag power is consequently of the order of 65 horse-
power. On the other hand, if fin width was lncreased on
an actual engine, at the same time fin spacing would
probably be decreased. The preasure drop required would,
in general, then be decreased, and the meximum lncrease
in drag power would consequently be less than 65 horsepower.

The possibility of condensation of the fuel-in the
intake manifold should also-be mentloned, The occurrence
of condensation depends largely on the quality:-of the
fuel and the temperature of the charge. Condensation,
which might well take place at the lower.values of mani-
fold temperature shown in thls report, results in reduc-
tlon of the.effective fuel-air ratio and in the formation
of carbon deposits 1n the engine.

The authors are well aware of the fact that the
additional fin surface area réjquired for proper cooling
of the engine at the high engline powers shown herein 1s
not easy to obtaln. They also reallze that redeslgning
the stressed englne parts for the high cylinder pressures
that aftercooling makes possible is a major problem, that
increasing the volume capacity and the'pressure ratlos of
the superchargers may be quite dlfficult, and that the
aftercoolers must be of sufficient strength to resist the
pressure caused by backfire.

CONCLUSIONS

Thé followlng conclusions can be drawn from the
present study: - :

1. The galn in engine brake horsepowsr that can be
obtalned by means of 1lnstalling aftercoolers iIn existing
power plants 1s largely dependent upon the performance of
the superchargers, If the supercharger pressure ratlos
fall off when the rate of charge flow is lncreased by
aftercooling, then aftercooling results in.little gein
in power, . . .
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2. Aftercooling, in combination with proper super-
chargers, strengthened engine parts, and increased cylinder-
fin area, can give a large lncresse in brake horsepower.

Thé Iincrease shown here for operation at constant manifold
pressure is lj2 percent at a manifold temperature of L0° P.
The lncrease shown here for operation at detonation-
limited manifold pressures 1s 2 percent for aftercooling
to & manifold temperature of 100° F, end 67 percent for
aftercooling to a manifold temperature of L 0O F.

3. Aftercooling can result in some. reduction in the
welght-power ratio of the power plant. The present report
shows a meximm reduction of 10 percent, which is for
detonation-limited operation and manifold temperature
of 80° F to 100° F. If the manifold temperature is lowered
further to L0° F, for greater horsepower gain, the reduc-
tlon 1n welght-power ratlo shown here is percent.

Langley Memorlal Aeronautical Laboratbry
National Advisory Commlttee for Aeronsutics
lLangley Fleld, Va., September 16, 194l



APPENDIX
CONDITIONS USED IN CALCULATIONS

The following conditlons were used in making the
calculations for the present report. Reasonable changes
in most of these conditlions would have no qualltative
effect and little quantltatlve effect on the results that
have been obtained.

l. The reference power plant for which the analyses
were made operates at an altitude of 30,000 feet 1in NACA
standard air with 3 inches mercury ram (450 mph).

2. The engine in the reference power plant develops
2Lh);5 indicated horsepower and 2000 brake horsepower at
full throttle at 30,000 feet with a manifold pressure of
50 inches mercury and a manifold temperaturs of 2330 F,

3. Only full-phrottle englne operation 1s considered.

li. Englne rpm, spark setting, valve timing, and
fuel-alr ratlio are constant. As useful approxlimations,
indicated specifilic alr consumptlion and cylinder volumetric
efficlency are consldered as constant (reference l.),
(Inasmuch as the present calculations are for a fixed
altitude, cylinder volumetrle efficlency may be based
elther on atmospherlec pressure and temperature, or, as
in reference l, on manifold pressure and temperature.)
Engline indicated horsepower 1s therefore considered to be
proportional to weight rate of flow of charge, and welght
rate of flow is proportional to manifold density.

5. Engine friction power 1ls constant at 175 horsepawer.

6. The effect of water injectlon into the charge is
not consldered.

7. The pressure drop across the carburetor 1s
0.5 inch mercury.

8. The pressure drop of the charge alr across all
aftercoolers ls flxed at 0.5 lnch mercury, across all
Intercoolers at 1 inch mercury, and in the ducting
at 0,75 inch mercury.
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9. All intercoolers lower the temperature of the

charge air to 100° F,

10, Intercoolers and aftercoolers are’ calculated on
the basls of Army summer alr temperature. -

11. The fuel is completely vaporized in the carburetor.

12. The air oonsumption of the engine 1s 1. 72 pounds
per second -per thousand indicated harsepowser.:

13. The weight of the propeller 1s not included in
the weight of the power plant.
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Figure 6.- Effect of manifold temperature on required
weight of various power-plant components. Constant

manifold pressure.
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Figure 7.- Power-plant weight and weight-power ratio as
functions og manifold temperature.
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gure 9.- Brake horsepower as a function of manifold
temperature. Detonation-limited manifold pressure.
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Figure 10.- Effect of manifold temperature on manifold
pressure and required weight of various power-plant com-

ponents. Detonation-limited manifold pressure.
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Figure 11.- Power-plant weight and weight-power ratio
as functions of manifold temperature. Detonation-

limited manifold pressure.
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Ratio
1b/hp

Weight-Power

1.9
——Inadequate supercharging
1.8 /C:L——Constant manifald pressure
ji\\\1 . _Detonation-limited manifold pressure:
1 . 7 \
1.6 et
1.5 _
NATIONAL ADVISORY -
COMMITIEE FO AEROWHCS' :
40 80 120 160 200 240

Manifold Temperature, °F
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